The steady-state growth of a Flavobacterium strain known to utilize pentachlorophenol (PCP) was examined when cellobiose and PCP simultaneously limited its growth rate in continuous culture. A concentration of 600 mg of PCP per liter in influent medium could be continuously degraded without affecting steady-state growth. We measured specific rates of PCP carbon degradation as high as 0.15 ± 0.01 g (dry weight) of C per h at a growth rate of 0.045 h-1. Comparable specific rates of PCP degradation were obtained and maintained by PCP-adapted, natural consortia of epilithic microorganisms. The consortium results suggest that a fixed-film bioreactor containing a PCP-adapted natural microbial population could be used to treat PCP-contaminated water.
Pentachlorophenol (PCP) has been used widely as a pesticide in the United States and is now considered to be a serious environmental pollutant because of its toxicity and recalcitrance in soil, water, and sewage (16) . Biodegradation of PCP occurs in soils (9) , freshwater (11) , and sewage sludge (9) . A few studies have described the kinetics of growth of microbial consortia on PCP (7) and rates of PCP biodegradation by microbial consortia (5, 9, 10) . These consortia degrade PCP with low (microgram per liter) Monod half-saturation constants (high affinity for PCP), but at slow rates because of PCP toxicity at concentrations of ca. 130 mg/liter (7, 9) .
Rock surface consortia (epilithic communities) appear to be very efficient at removing PCP from natural waters. In one study, PCP disappearance from the water column of an artificial stream attributable to microbial processes was 11 to 63 times faster over gravel-lined riffles than over mudbottomed pools (10) . Degradation of PCP in sediments was limited by the availability of oxygen (which was depleted by chemical and biological oxygen demand) (10) and by the rate of transport of PCP to the sediment zone (lOa, 17).
In one kinetic study of PCP degradation by a pure culture of bacteria workers reported that an Arthrobacter sp. can metabolize PCP much more rapidly than consortia (4).
However, the growth rate of the Arthrobacter sp. was inhibited by PCP at a concentration of ca. 130 mg/liter when PCP was used as the sole carbon source. In this report we describe results from two different types of experiments which independently measured absolute and specific PCP biodegradation rates. Some of the data presented came from pure-culture studies, and the other data came from natural consortium studies.
A Flavobacterium strain known to metabolize PCP as a sole source of carbon and energy (14) was used for the pure-culture studies. Since the absolute rate of PCP utilization is biomass dependent and relatively low levels of PCP have been shown to inhibit microbial growth (biomass production), we suspected that either a large biomass of cells induced for PCP degradation had to be grown separately * Corresponding author. from and then added to PCP-contaminated solutions or that only relatively dilute solutions of PCP could be decontaminated by organisms utilizing PCP as their sole carbon and energy source. We attempted to overcome these difficulties by growing the Flavobacterium strain in carbon-limited continuous cultures with two carbon sources (PCP and cellobiose) which limited its growth simultaneously. Our rationale was that the nontoxic substance (cellobiose) would be used to produce biomass which would simultaneously (not sequentially) utilize PCP.
To study the potential PCP removal capabilities of PCPadapted, natural rock-colonizing microorganisms, we collected rocks from an artificial stream that had been dosed for 88 days with sodium pentachlorophenate at a rate of 144 1Lg of PCP per liter of stream water (11) . These rocks and their attached microbial populations were maintained in a continuous-flow reactor at constant temperature, nutrient concentrations, and growth medium flow rates by using a natural source of water (Mississippi River) as the input medium. We assessed the effects of PCP concentration, pH, dissolved oxygen, and nutrient availability upon absolute rates of PCP biodegradation by the epilithic community. These studies are prerequisites to the development of commercial systems to treat PCP-contaminated natural waters.
MATERIALS AND METHODS Pure culture. Flavobacterium sp. strain ATCC 39723 originally was isolated from PCP-contaminated freshwater sediment and has been described previously (14) . This organism was maintained in Watanabe basal medium (18) Figure 2 shows the cell dry weight attributable to cellobiose and PCP as a function of the ratio of PCP C to total C. Figure 2 shows that while the culture dry weight increased as the ratio of PCP C to total C was increased to 93% of PCP C, above that point instability and washout occurred. This value corresponds to feed concentrations of 808 mg of PCP per liter and 38 mg of cellobiose per liter (total carbon concentration, 233 mg/liter). Consortia. Figure 3 shows the PCP concentrations to which the rocks were exposed and the rates of PCP disappearance in the overlying water for the entire study period. The PCP concentration in beaker influent was maintained at a constant level for a 3-to 4-week period before being increased. However, the actual PCP concentrations in the beakers often declined from initial levels during some periods when the progressively increasing degradation rate outpaced the PCP input rate. Degradation rates (milligrams of PCP removed per liter per hour) always were 1 to 2 orders of magnitude higher in the presence of rocks than in the presence of water alone (data not shown). The addition of 2% (vol/vol) formaldehyde completely inhibited PCP degradation (Fig. 4) . Figure 3 shows that rates of PCP disappearance generally increased with increasing PCP concentrations, but appeared to approach saturation. For example, an increase in PCP concentration from 10 to 250 mg/liter resulted in less than a doubling of the degradation rate. PCP concentrations measured during biodegradation rate studies were reduced to negligible levels (<1 ,ug/liter) when the initial concentration (no influent) was less than 1 mg/liter. However, after 2 months of exposure to a range of 9 to 250 mg of PCP per liter, the PCP concentration was reduced only to 60 to 75 ptg/liter after 24 h and then remained unchanged over the next 4 days. Table 2 shows that overall PCP degrader numbers per square centimeter were not appreciably different except for an increase during the early part of the study period. On the other hand, the specific PCP degradation rate (micrograms per hour per cell) increased approximately 100-fold with increasing PCP dose.
Degradation of PCP to inorganic components (CO,, Cl-) or cell mass was complete and correlated with PCP disappearance; 60 to 80% of the total PCP carbon was mineralized. As expected, 5 mol of Cl-was produced per mol of PCP degraded after correction for tetrachlorophenol content and PCP sorbed to the rock. The minor impurities, 2,3,4,6-and 2,3,4,5-tetrachlorophenol, disappeared from the solution at rates similar to the PCP disappearance rates.
The rate of PCP disappearance was independent of pH in the range from pH 6.8 to 8.2, but the rate slowed below about pH 6.8. Experiments conducted after termination of the study period showed that even after several days below pH 6, the activity of cultures could be restored by neutralization with NaOH. The rate was sensitive to 02 concentrations, diminishing significantly when the 02 concentration reached 0.3 to 0.7 mg/liter (Fig. 4) . The rates were not affected by the addition of excess Cl-(0.01 M) or nutrients in the form of yeast extract (100 mg/liter) (data not shown).
DISCUSSION
In the pure-culture experiments, we did not measure production of CO2 from PCP; however, PCP was probably mineralized to CO2 even in the presence of cellobiose (i.e., this was not cometabolism). Supporting this assertion are the data in Fig. 2 and Table 1 , which show that culture dry weight increased as the concentration of total carbon (PCP carbon plus cellobiose carbon) increased but the cellobiose carbon concentration decreased. Alkali consumption needed to neutralize HCI produced during decomposition of PCP is also indicative of complete biodegradation of PCP (4) . As in the consortium experiments, alkali consumption always increased with an increasing ratio of PCP carbon to total carbon in the pure-culture experiments.
The absolute rates of PCP utilization (Table 1) by the Flavobacterium sp. strain examined are quite high compared with values estimated from previous consortium studies, which found PCP inhibition of growth at concentrations less than ca. 130 mg/liter when PCP was used as the sole carbon source (7, 9) . In pure culture the theoretical maximum specific rate is probably not achievable because of PCP toxicity. However, we did observe a maximum specific PCP carbon utilization rate of 0.15 g (dry weight) of PCP carbon per h, which is very similar to the observed maximum specific utilization rate of 0.17 g (dry weight) of PCP carbon per h achieved for a pure culture of an Arthrobacter sp. strain growing at 30°C in a carbon-limited continuous culture (4) . The Arthrobacter sp. strain could not degrade PCP when the input concentration was more than 300 mg/liter, but the Arthrobacter sp. strain was grown at a higher growth rate and higher temperature than we chose for the Flavobacterium sp. strain in this study. Our results and those of Edgehill and Finn (4) imply that the maximum specific rate of PCP degradation is achieved when the degrading organisms are carbon limited. In order to increase the absolute rate of PCP degradation, it is necessary to increase the biomass of the degrader without supplying such a high concentration of (15) . We would expect to achieve higher yields of this organism if ammonia rather than nitrate were used as a nitrogen source in the culture medium. To maximize PCP degradation rates, (1.6 x 106 to 17 x 106) (0.87 x 10-6 to 9.6 x 10-6) (0.63 x 10-6 to 6.9 x 10-6)
The PCP concentration range reflects the PCP concentrations that the mixed cultures were exposed to throughout this time period; fluctuations occurred because of additional degradation in the conveyance tubing system. h Rate A was derived from PCP mineralization data and assumed complete conversion of PCP to CO,. 
